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Fibroblast  Growth  Factor-2:  an  Epithelial  Ductal  Cell  Growth  Inhibitor  that 
Drops  Out  in  Breast  Cancer 

Andrew  Baird,  PhD, 

CDMRP-BCRP  IDEA  Award 

1.  Introduction 

We  exploited  a  genetic  mouse  model  of  breast  cancer  in  which  mammary  tumors  spontaneously  develop  with 
very  high  predictability  and  at  very  predictable  times  after  birth.  The  model,  called  the  “PyVT  mouse”,  was 
created  by  introducing  a  cancer-causing  gene  from  polyoma  virus  (PyV)  into  the  genome  of  the  mouse 
mammary  gland.  These  mice  are  otherwise  normal  except  that  they  all  get  mammary  tumors  by  60-85  days  of 
age. 

Our  idea  was  to  ask  two  very  straightforward  questions:  (1)  what  happens  to  the  FGF  that  is  naturally  found  in 
the  mammary  gland  when  these  cancers  develop?  and  (2)  what  happens  to  these  tumors  if  there  is  no  FGF  in  the 
mammary  gland?  We  reasoned  that  if  FGF  is  involved  in  the  progression  of  cancers,  then  the  levels  may 
change  as  cancer  develops.  We  also  reasoned  that  if  there  was  no  FGF  present  then  maybe  the  natural  course  of 
cancer  development  would  change.  If  it  did,  then  the  results  would  point  us  to  a  new  target  for  drug  discovery: 
FGF-dependant  breast  epithelial  cells. 

2.  Body 

The  progress  is  summarized  in  the  SOW  table  presented  below  but  also  highlighted  results  are  presented 
in  the  key  research  accomplishments  section.  In  this  funding  period,  we  exploited  the  genetically  modified  and 
backcrossed  mouse  line,  acquire  and  analyzed  data  on  tumor  progression  in  these  genetically  modified  animals 
and  completed  the  staining  of  different  markers  of  tumor  growth  (FGF/FGFR),  angiogenesis  (Factor  IX)  and 
tumor  supproession  (Erg4). 

Methods. 

Mice:  Experiments  were  conducted  under  the  oversight  of  the  Institutional  Animal  Care  and  Use  Committee  of 
the  University  of  California,  San  Diego.  This  project  used  three  strains  of  mice:  (1)  wild-type,  (2)  PyVT  mice 
developing  spontaneous  mammary  tumors,  (3)  FGF2  deficient  mice.  Hemizygous  PyVT  (t/+)  males  and  FGF-/- 
females  were  crossed  to  generate  male  offspring  that  are  heterozygous  for  FGF2  and  expresses  the  transgene. 
PyVT/FGF2+/-  males  are  crossed  with  female  FGF2+/-  mice  to  yield  PyVT/FGF2-/-  ,  PyVT/FGF2+/-  ,  and 
PyVT/FGF2+/+  mice.  Genotypes  were  identified  from  tail  DNA  by  slot  blot  analysis  using  a  probe  for  PyVT 
and  FGF2. 

Tumor  measurements:  We  followed  cohorts  of  female  PyVT/FGF2-/-,  PyVT/FGF2+/-,  and  PyVT/FGF2-/-  mice 
to  evaluate  mammary  tumor  onset,  incidence,  growth  and  progression.  After  weaning,  body  weights  of  the  mice 
were  recorded  weekly  and  the  presence  of  palpable  lesions  in  the  mammary  glands  were  determined.  Blinded 
assessments  were  done  with  calipers  to  measure  tumor  size  in  two  dimensions.  Tumor  volumes  were  calculated 
using  a  formula  of  axb2/2  with  a  being  the  length  and  b  the  length.  Following  excessive  weight  loss  or  the 
presence  of  tumors  in  excess  of  20  mm  in  length,  the  mice  were  killed.  Tumor  volumes  at  various  time  points 
and  tumor  weights  at  necropsy  were  compared  between  the  three  groups  using  ANOVA  followed  by  a 
Wilcoxon-Rank  test. 

Immunohistochemistry:  To  further  characterize  mammary  tumor  development  in  the  absence  of  FGF2,  we 
performed  histological  characterization  of  primary  tumors  at  the  early  stages  of  tumor  development.  Mouse 
mammary  fat  pads  (MFP)  were  obtained  following  euthanasia,  perfused  with  PBS  and  then  fixed  with  4% 
paraformaldehyde  (PFA)  in  PBS,  pH  7.4.  At  the  time  of  immunohistological  (IHC)  staining,  paraffin  sections 
were  first  deparaffinized  in  xylene  and  in  progressively  more  dilute  solutions  of  ethanol.  Following  this, 
sections  were  incubated  with  Proteinase  K  (Millipore  Cat  #  21627  0.2  mg/ml)  for  10  minutes.  These  sections 
were  then  blocked  in  normal  goat  serum  (ABC  Rabbit  Kit  PK-4002)  for  1  hour  and  incubated  with  either  anti- 
FactorVIII  (Biocare)  or  anti-FGF2,  FGFR1,  R2,  R3  and  R4  (Sigma)  and  Ecrg4  at  concentrations  of  1:100  to 
1:2000  overnight  at  4  C.  After  washing,  sections  were  then  incubated  with  biotin-conjugated  secondary 
antibody  for  30  minutes  at  room  temperature.  Between  each  of  the  following  steps,  three  separate  washes  were 
conducted  for  3  minutes  each.  Endogenous  peroxidase  activity  was  quenched  with  0.3%  hydrogen  peroxide  in 


distilled  water  before  the  sections  were  treated  with  Avidin  Biotin  Complex  (ABC)  kit  (Vectastatin,  Burlingame 
Ca).  For  visualization,  the  sections  were  incubated  with  diaminobenzidine  substrate  for  30  minutes.  Following 
washes,  the  sections  were  successively  counterstained  by  incubating  in,  Hematoxylin,  2%  acetic  acid,  bluing 
reagent,  with  separate  washes  between.  Sections  were  then  dehydrated  in  solutions  of  progressively  more 
concentrated  ethanol  and  xylene.  The  cover  slips  were  mounted  with  Vectamount  Mounting  Solution.  Images 
were  taken  with  an  Olympus  FXS100-BSW  microscope. 


Results 

With  completion  of  the  breeding  program  we  were  able  to  mine  the  data  collected  over  the  funding 
period  and  analyzed  parameters  beyond  the  initial  markers  like  appearance,  FGF  and  FGR  to  include 
measurements  like  when  did  the  tumors  first  arise?  did  they  grow  differently  in  the  three  lines?  Were  they 
distributed  at  the  same  sites  and  were  the  numbers  at  each  site  different.  Much  of  the  final  data  is  in  the  paper 
currently  under  review  (see  appendix  A3)  and  was  presented  at  the  Era  of  Hope  meeting  in  201 1  (Appendix  A2) 
where  we  were  fortunate  to  get  significant  feedback  from  attendees  who  came  to  our  presentation.  These 
analyses  are  contained  in  the  summary  below. 

1.  First  appearance  of  tumors:  As  shown  in  the  example  below  (Figure  1),  the  cohort  of  tumor  appearance  in 
different  generations  of  lines  could  be  summarized  in  graphical  form  as  we  measured  the  tumors  every  3-5  days. 
We  examined  all  animals  that  were  created  but  only  included  females  in  the  final  analyses.  They  were 
differentiated  by  cage  and  the  presence  of  a  right  (RC),  left  (LC)  or  no  marker  cut  (NC)  on  ear.  Animals  were 
also  followed  until  they  were  sacrificed  because  of  tumor  size.  Occasionally  a  male  Py  VT  carrier  that  was  being 
used  for  breeding  purposes  would  develop  a  palpable  tumor,  but  this  was  only  observed  in  4  instances  (one  of 
these  positive  mice  is  presented  in  the  figure  1  cohort).  Data  collected  during  mammary  development  showed 
that  FGF  KO  mice  had  delayed  onset  of  tumorigenesis  and  when  all  were  collated  (see  appendix)  they  were 
presented  in  both  the  abstract  and  submitted  paper.  WT  mice  began  to  have  palpable  tumors  by  day  65,  and  by 

day  80  all  mice  in  the  cohort  had  tumors.  In 
contrast,  while  some  FGF2  KO  mice  began  to 
«>  have  palpable  tumors  around  the  same  time 

frame,  most  FGF2-KO  mice  showed  a 
significantly  delayed  progression  of 
tumorigenesis,  with  some  palpable  tumors 
only  appearing  around  day  110.  Similarly, 
FGF2+  het  mice  showed  an  intermediate 
phenotype  and  the  onset  of  tumorigenesis  was 
earlier  than  was  seen  in  FGF2  KO  mice,  but 
later  than  was  seen  in  WT.  This  was 
important  to  note  because  it  provided 
evidence  of  a  gene  dosing  effect  and  a 
decreased  expression,  rather  than  only  a 
complete  knockout  affecting  tumor  growth. 


Figure  1:  Progression  and  first  appearance  of  mammary  cancers  in  mouse  lines.  The  distribution  of  cancer  development  in  the 
F2  animal  cohort  is  presented  here  after  backcrossing.  Each  animal  was  followed  to  a  maximum  of  140  days. 


2.  Tumor  size:  Other  ways  of  monitoring  and  comparing  tumor  growth  include  measuring  onset  and  tumor 
mass.  Mammary  tumors  (Figure  2C)  in  FGF2  KO  mice  were  significantly  smaller  (P<0.05)  than  those  in  FGF+ 
mice  (8  vs.  2).  This  significant  difference  in  tumor  burden  indicated  that  FGF2  KO  mouse  tumor  cells  grew 
more  slowly  and  is  supported  by  observation  that  FGF+  mice  were  sacrificed  at  earlier  time  points  (105  vs  134 
days).  This  data  is  consistent  with  the  data  presented  earlier  indicating  delayed  onset  tumorigenesis.  We  also 
noted  however  that  the  slope  of  tumor  size  increase  appeared  greater  in  the  FGFKO  then  in  the  FGF+  mice. 
Where  the  mean  time  from  tumor  detection  to  mouse  sacrifice  was  20  days  in  the  FGF+  mice,  it  was  10  days  in 
the  FGFKO.  It  was  not  because  animals  were  not  as  healthy  but  instead  because  tumors  grow  faster.  This 
suggests  the  possibility  that  there  is  a  secondary  FGF-independent  pathway  that  is  selected  in  these  animals  and 
that  the  growth  is  more  aggressive  even  though  delayed. 


Figure  2:  Tumor  sizes  and  growth  rates  of  mammary  cancers  in  the  mouse  cell  lines.  The  distribution  of  cancer  development  in 
different  animal  cohort  is  presented  here.  Each  animal  was  followed  to  a  maximum  of  125  days.  In  panel  A  we  compared  the  back 
crossed  line  of  FGF+  and  FGF-KO  to  detect  significant  differences  that  were  also  found  in  the  comparison  of  the  KO  vs  Het  animals. 
This  suggests  a  gene  dosage  effect  of  FGF. 

3.  Tumor  location:  In  the  course  of  monitoring  tumor  development  in  the  mice  lines,  we  also  examined  the 
location  of  tumors  and  assigned  each  animal  with  sites  corresponding  to  different  mammary  pads  (Figure  3A) 
that  included  upper  (A  &  D),  middle  (B  &  E)  and  lower  (C  &  F)  areas;  left  and  right.  We  wanted  to  determine 

whether  the  lines  showed  any  preponderance  for  one 
location  or  another  for  onset  but  predicted  that,  because 
gene  expression  in  the  mice  lines  are  not  specific,  there 
should  be  no  difference  at  time  of  sacrifice.  Indeed  no 
differences  were  observed  (Figure  3B)  in  location  when 
they  are  compared  between  groups.  The  experiment  was 
confounded  by  the  variable  incidence  of  tumors  at  each  site 
so  that  in  the  cumulative  analyses  of  total  mass  (see  paper 
in  Appendix  A3)  we  pooled  all  data  regardless  of  the  site  of 
tumor  growth.  We  also  concluded  that,  as  expected, 
location  was  not  a  significant  indicator  for  tumor 
development  particularly  when  it  was  compared  to  the  time 
of  appearance  or  the  size  of  tumors  that  grow.  Like  blood 
vessel  number  in  the  tumors,  the  size  of  final  tumor  (Panel 
C)  was  different  in  experimental  groups. 

Figure  3:  Mammary  tumor  location  at  onset  and  end-stage  time  points  in  the  mouse  lines.  The  distribution  of  cancer 
development  in  different  animal  cohorts  was  evaluated  at  the  time  of  onset  and  compared  to  that  at  time  of  sacrifice  and  given  a  site  of 
upper,  middle  of  lower  left  and  right. 


4.  Tumor  number  at  different  sites:  Another  approach  for  data  analyses  involved  monitoring  the  number  of 
different  tumors  at  any  given  site  using  the  same  criteria  as  above  (A-F  in  upper,  middle  and  lower;  left  and 
right).  Where  one  tumor  would  often  arise,  in  fact  there  were  instances  in  which  several  palpable  tumors  would 
arise  at  the  same  site.  These  analyses  proved  very  difficult  because  of  operator  variability  and  mass  fusing  over 
time  making  it  difficult  to  determine  whether  one  tumor  was  single  or  multi-component.  While  we  did  an  initial 
analysis  of  tumor  numbers  in  same  loci,  we  abandoned  attempts  to  quantify  individual  tumors  at  each  site 
because  end-points  were  not  sufficiently  reliable.  Differences  (Figure  2,  Panel  C)  represent  the  total  tumor 
mass. 


5.  Histological  appearance:  There  are  several  ways  to  evaluate  the  tumor  state  and  we  had  to  make  a 
significant  number  of  assumptions  in  their  characterization.  For  example,  the  first  was  that  the  tumors  would  be 
comparable  regardless  of  the  site  from  which  they  were  harvested.  To  avoid  variability  however  we  sought  to 
focus  on  tumors  that  developed  in  the  upper-right  mammary  pad.  There  were  also  several  endpoints  that  we 
used  over  the  funding  period  and  that  we  discussed  in  previous  reports  including  myeloperoxidase,  collagen  IV 
and  Ecrg4.  We  show  here  the  results  with  Factor  Vlll  to  visualize  blood  vessels  (Figure  4).  In  order  to 
quantitatively  determine  blood  vessel  density,  3  representative  fields  each  measuring  about  1500  pm  by  1000 
pm  on  slides  stained  during  the  same  experiment  were  analyzed.  Blood  vessels,  as  highlighted  by  IHC  for 
Factor  VIII,  and  confirmed  by  their  morphology,  were  counted  in  samples  from  normal  mice,  mice  lacking  one, 
and  mice  lacking  both  copies  of  FGF2.  Average  vessel  counts  from  the  three  groups  (each  n=3)  were  then 
compared.  Error  bars  represent  the  standard  error  of  the  mean  (SEM),  which  was  derived  from  the  quotient  of 
the  sample  standard  deviation  and  the  square  root  of  the  number  of  samples.  We  also  performed  histological 
characterization  of  primary  tumors  and  of  mammary  fat  pads  at  various  stages  in  development  and  these  results 
are  available  in  the  appendix.  Masson’s  Trichrome  (MT)  staining  in  defined  ductal  structures  showed  a  clear 
delineation  of  myoepithelial  (MECs)  and  basal  epithelial  cells  (BECs)  separated  by  basement  membrane. 
Similar  ductal  structures  were  seen  in  tumor-bearing  WT  mice  in  regions  surrounding  the  tumor  mass  as  well  as 
in  areas  of  interspersed  tumor  foci.  Thus,  the  introduction  of  the  PyVT  oncogene  did  not  change  the  gross 
development  of  normal  epithelial  structures  in  young  mice  but  rather,  served  to  promote  the  remodeling  and 
progression  to  tumorigenesis  of  MECs  and  BECs.  There  was  a  significant  difference  in  the  vessel  number 
between  the  FGF+  and  FGF  KO  mice  (Figure  3C) 


Figure  4:  Loss  of  FGF2  results  in  decreased  tumor  vascularization.  A:  IHC  of  VWF  in  a  normal  lactating  mouse  mammary  fat 
pad  at  17  weeks  of  age.  The  inset  in  A  is  shown  in  B.  C:  IHC  of  VWF  in  an  FGF2  knockout  mouse  mammary  fat  pad  at  19  weeks  of 
age.  The  inset  in  C  is  shown  in  D.  E:  IHC  of  VWF  in  a  PyVT+  mouse  mammary  fat  pad  at  22  weeks  of  age.  The  inset  in  E  is  shown 
in  F.  G:  IHC  of  VWF  in  a  PyVT+,  FGF  knockout  mouse  mammary  fat  pad  at  14  weeks  of  age.  The  inset  in  G  is  shown  in  H.  Arrows 
point  to  positively  stained  endothelial  cells.  MEC,  myoepithelial  cells.  BEC,  luminal  breast  epithelial  cells.  AT,  adipose  tissue.  Scale 
bars :  100  pm  (A,  C,  E,  G);  500  pm  (B,  D,  F,  H) .  Original  magnifications:  X400  (A-H) 

6.  FGF,  FGFRs  and  markers  differentiating  normal  and  mammary  tumor  cells  We  also  continued  to 
characterize  the  role  of  FGF2  in  normal  and  tumor-bearing  mammary  tissue  and  expanded  the  description  of  the 
FGF  receptor.  Immunohistochemical  staining  was  performed  to  determine  the  presence  and  localization  of 
FGF2  in  breast  tumor  ductal  epithelium.  Diffuse  staining  for  FGF2  was  present  throughout  the  myo-  and  basal 
ductal  epithelium  of  normal  (non-PyVT+)  (Supplementary  Data  Figure  S1A,B)  and  transgenic  PyVT  mammary 
tumors  (Figure  SI  C,D)  but  absent  in  FGF2  KO  (Figure  SI  E,F)  mice.  The  similar  staining  pattern  seen  in 


normal  and  transgenic  PyVT  tumors  indicated  that  the  introduction  of  the  PyVT  oncogene  had  a  limited  effect 


on  the  expression  and  localization  of  endogenous 
FGF2.  In  FGF  KO  tumors,  the  diffuse  staining 
pattern  described  earlier  was  absent,  confirming  loss 
of  FGF2  immunoreactivity  in  the  knockout.  The 
distribution  of  FGFR1  (Figure  5)  was  localized  to 
specific  ductal  morphological  structures  and  to 
demonstrate  that  there  exists  a  potential  pathway  for 
FGF2  activity  in  mammary  tissue. 
Immunohistochemistry  staining  confirmed  the 
presence  of  FGFR1  immunoreactivity  in  both  MECs 
and  BECs  in  normal  (Figure  5A,B),  PyVT+  and  FGF 
KO  (Figure  5E,F)  mice.  The  similar  staining  patterns 
seen  in  the  three  treatment  groups  show  that  FGFR1 
expression  is  not  significantly  influenced  by  the 
presence  of  the  PyVT  oncogene  or  the  absence  of 
FGF2. 

Figure  5  Immunohistochemistry  (IHC)  of  FGFR  in 
mammary  cancer.  Staining  confirmed  the  presence  of  FGFR1 
immunoreactivity  in  both  MECs  and  BECs  in  normal  (Panels  A 
&  B),  PyVT+  and  FGF  KO  (Panels  E  &  F)  mice.  MEC, 
myoepithelial  cells.  BEC,  luminal  breast  epithelial  cells 


We  also  evaluated  several  other  markers  of  mammary  tumor  progression  to  determine  whether  there  might  be 
ways  to  explain  the  delayed  effects  of  FGF-KO  on  tumor  appearance  and  progression  in  the  PyVT  mice.  The 
marker  that  we  focused  on  the  most  was  the  candidate  tumor  suppressor  gene  called  Ecrg4  which  our 
preliminary  data  of  the  previous  year  had  found  was  implicated  in  the  development  of  mammary  cancer.  The 
results  were  mixed  and  we  have  been  trying  to  locate  better  antibodies  to  confirm  the  absence  of  this  gene  in 
mammary  cancer  and  potential  changes  in  its  expression  with  changes  with  FGF. 


Task  #1  Characterize  the  distribution  of  FGF 2  and  FGFR  in  mammary  wild  type  mice.  ( Months  1-12): 

Complete 

Created  baseline  colony  &  map  normal  distribution  of  FGF  and  FGR  in  wt  mice 

Task  #2  Characterize  the  distribution  of  FGFR  in  mammary  ofFGF2  null  mice.  ( Months  6-12): 

Complete 

Create  baseline  FGF  null  colony  &  map  changes  in  distribution  of  FGFRs 

Task  #3  Characterize  the  distribution  of  FGFR  in  mammary  ofFGF2  over-expressing  mice  ( Months  6-12): 

Modified  and  Completed  as  backcrossed  colony. 

Animal  health  precluded  creation  of  baseline  FGF2  over-expressing  colony  to  map  FGF2  &  FGFRs  distribution. 

Strategy  modified  to  remove  animal  health  variable  from  tumor  growth  experiments:  back  crossing. 

Task  #4  Characterize  the  distribution  ofFGF2  and  FGFR  in  mammary  ofPyMt  mice  ( Months  6-12): 

Complete 

Created  baseline  PyMt  over-expressing  colony  &  map  changes  in  FGF2  &  FGFRs  distribution. 

Task  #5  Characterize  the  distribution  of  FGFR  in  mammary  of  PyMt  x  FGF  null  mice  ( Months  12-24): 

Copmplete 

+/+  -/- 

Created  baseline  PyMt  FGF  colony  &  map  changes  in  FGF2  &  FGFRs. 

Task  # 6  Characterize  the  distribution  ofFGF2  and  FGFR  in  mammary  of  PyMt  x  FGF  over-expressing  mice  ( Months  12-24): 
Modified  and  Completed  as  backcrossed  colony . 


See  task  3  above.  Animal  health  precluded  creation  of  baseline  FGF2++  over-expressing  colony  to  map  FGF2  &  FGFRs  distribution. 
Strategy  modified  to  remove  animal  health  variable  from  tumor  growth  experiments:  back  crossing. 


Task  #7  Determine  kinetics ,  onset  and  progression  of  mammary  tumors  in  wild  type  mice  ( Months  1-36): 

Complete 

Described  baseline  incidence  of  spontaneous  mammary  tumor  development  in  wt/wt  mice 

Task  # 8  Determine  kinetics,  onset  and  progression  of  mammary  tumors  in  FGF2  null  mice  ( Months  18-36): 

Complete 

Baseline  described  for  incidence  of  spontaneous  mammary  tumor  development  in  FGF2  mice 

Task  #9  Determine  kinetics,  onset  and  progression  of  mammary  tumors  FGF2  over-expressing  mice  ( Months  18-36): 
Modified  and  Completed  as  backcrossed  colony . 

See  task  3  and  6  above.  Animal  health  precluded  creation  of  baseline  FGF2++  over-expressing  colony. 

Strategy  modified  to  remove  animal  health  variable  from  tumor  growth  experiments:  back  crossing. 

Proceedurally  valid  experiments  performed  with  F2  backcrossed  and  beyond  generations. 

Task  #10  Confirm  kinetics,  onset  and  progression  of  mammary  tumors  in  PyMt  mice  ( Months  12-24): 

Complete 

+/+ 

Described  baseline  incidence  of  spontaneous  mammary  tumor  development  in  PyMT  mice 

Task  #11  Determine  kinetics,  onset  and  progression  of  mammary  tumors  in  PyMt  x  FGF-null  mice  ( Months  12-36): 
Complete 

+/+ 

Described  baseline  incidence  of  spontaneous  mammary  tumor  development  in  PyMT  mice 

Task  #12  Determine  kinetics,  onset  and  progression  of  mammary  tumors  after  PyMt  x  FGF  over-expression  ( Months  12-36) 
Modified  and  Completed  as  backcrossed  colony. 

See  task  3,  6  and  9  above.  Animal  health  precluded  creation  of  baseline  FGF2++  over-expressing  colony. 

Strategy  modified  to  remove  animal  health  variable  from  tumor  growth  experiments  used  back  crossing. 

Proceedurally  valid  experiments  performed  with  F2  backcrossed  and  beyond  generations. 


3.  Key  Research  Accomplishments  (bulleted  list  of  important  research  findings  resulting  from  the 
achievement  of  project  milestones) 

•  tumor  development  is  delayed  in  mice  with  low  endogenous  levels  of  FGF2, 

•  tumor  sizes  are  smaller  in  mice  with  lower  FGF2 

•  Effects  of  FGF2  are  dependant  on  gene  dosage. 

•  FGF2  is  a  pro-tumorigenic  growth  factor. 


4.  Reportable  Outcomes  (published  or  in-press  manuscripts,  abstracts,  presentations,  products,  patents,  grant 
funding  awarded  or  applied  for,  and  career  developments  that  resulted  from  this  award  during  the  reporting 
year) 

We  have  presented  the  findings  at  the  Era  of  Hope  conference  in  Florida  2012  (see  appendix).  We  have 
also  prepared  a  first  manuscript  that  we  have  submitted  for  publication  (se  appendix)  and  are  preparing  a 
second  describing  the  unanticipated  finding  that  Ecrg4  is  absent  in  the  tumors  that  arise  from  these  lines  (see 
preliminary  results)  and  suggest  that  they  may  be  a  used  as  a  marker  for  mammary  cancer. 


5.  Conclusion 

These  data  all  point  towards  the  fact  that  FGF2  is  a  growth  factor  in  the  mouse  mammary  gland  and  not 
a  pro-differentiation  factor.  The  new  establish  that  antagonist  drug  development  could  result  in  the 
identification  of  new  classes  of  anti-breast  cancer  drugs.  The  fact  that  tumors  arise  even  in  the  KO  mice 
strongly  point  to  the  multiplicity  of  factors  supporting  mammary  tumor  development.  Alternatively,  the 


findings  here  could  also  reflect  the  “transforming”  power  of  the  constitutive  expression  of  PyVT  in  these  mice 
[1-11]  and  the  fact  that  its  effects  cannot  be  readily  overcome. 

In  these  studies,  we  assessed  whether  FGF2  inhibits  the  onset,  growth  and  progression  of  mammary 
tumors  or  acts  as  a  pro-angiogenic  factor  that  accelerates  tumorigenesis.  Specifically,  we  characterized  the 
expression  of  FGF2  and  FGFR1  in  the  normal  and  transgenic  mouse  mammary  glands,  and  assessed  tumor 
development  and  progression  in  FGF2  KO  and  identified  the  differences  in  mammary  gland  morphology  and 
tumor  vascularization.  FGF2  and  FGFR1  in  normal  and  PyVT-positive  mice  localized  to  the  myo-  and  basal 
epithelium.  The  data  demonstrate  that  the  loss  of  FGF2  resulted  in  decreased  angiogenesis  and  a  delay  in  tumor 
onset.  In  FGF2  KO  mice  mammary  tumors,  blood  vessel  density  was  markedly  reduced  with  the  loss  of  FGF2 
resulting  in  delayed  tumor  growth  as  well  as  tumors  that  were  significantly  smaller.  Importantly,  mice  that  were 
heterozygous  for  FGF2  showed  an  intermediate  phenotype  in  tumor  onset  and  growth.  This  evidence  of  a  gene 
dosing  effect  implies  that  the  action  of  FGF2  depends  on  its  level  of  expression  rather  than  an  “all-or-none” 
model  of  signal  transduction.  Despite  the  delay,  all  of  the  mice  in  the  cohort  eventually  developed  tumors, 
suggesting  that  FGF2  plays  at  most  an  ancillary  role  in  tumorigenesis.  The  results  are  consistent  with  the 
hypothesis  that  FGF2  contributes  to  tumor  development  and  the  progression  to  malignancy. 

Previous  studies  implicated  FGF2  as  a  pleiotropic  [21]  but  locally  acting  cytokine  that  has  distinct 
juxtacrine  roles  at  the  interface  been  various  cell  types  [15,  22-24].  One  of  the  many  established  functional  roles 
of  endogenous  FGF2  is  angiogenesis  [25],  but  it  is  always  exogenous  FGF2  that  has  been  shown  to  stimulate 
endothelial  proliferation  and  tube  formation  in  in  vitro  and  in  vivo  models  [26,  27].  The  role  of  FGF2  in  cancer 
angiogenesis  has  been  assumed  based  on  its  production  by  most  cancer  cell  lines  [28,  29].  However,  it  is 
important  to  note  that  when  breast  cancer  cell  lines  are  evaluated  in  vitro  or  in  xenograft  models  to  investigate 
tumor-stroma  interactions,  the  results  are  often  not  applicable  to  in  vivo  tumorigenesis  due  to  differences  in  the 
composition  of  the  local  extracellular  matrix[30-33]  and  the  absence  of  various  tissue  specific  stromal 
interactions[34-36].  Furthermore,  tumor  cells  lines  are  derived  from  cells  at  very  late  stages  of  tumor 
progression  and  selected  for  growth  in  cell  culture  over  many  passages  [37].  At  the  same  time,  naturally 
occurring  tumors  are  rare  and  unpredictable.  In  order  to  overcome  these  difficulties,  we  used  the  MMTV-PyVT 
mouse  model.  This  model  has  a  high  frequency  of  tumor  development  [5],  where  the  PyVT  is  under  control  of 
the  mouse  mammary  tumor  virus  long  terminal  repeat  promoter  (MMTV-LTR)  [6].  This  model  has  been  shown 
to  be  an  accurate  representation  of  the  development  of  human  breast  cancer  [3,  4],  The  studies  described  here 
provide  the  in  vivo  demonstration  that  loss  of  FGF2  confers  a  less  malignant  phenotype  due  to  reduced 
vascularization.  Furthermore,  FGF2  and  its  receptors  have  been  shown  to  be  highly  expressed  in  many  breast 
cancers  [3  8]  and  has  been  shown  to  have  direct  mitogenic  effects  in  the  mammary  epithelium  as  well  as 
activation  of  migration  [17].  Studies  have  demonstrated  a  close  interaction  between  hypoxia  and  heparin  sulfate 
proteoglycans  that  modulate  the  levels  of  FGF2  signaling  [39].  However,  previous  studies  described  FGF2  as  an 
upstream  mediator  of  angiogenesis[40]  that  effects  further  inflammatory  responses  that  are  necessary  to 
complete  the  process  of  neo- vascularization  [18],  In  light  of  these  data  as  well  as  the  findings  presented  here, 
we  propose  that  the  action  of  FGF2 — while  important  in  initiating  angiogenesis  in  response  to  hypoxia-induced 
stress  common  in  the  tumor  microenvironment  as  well  as  direct  mitogenic  effects  through  inhibition  of  p53, 
upregulation  of  survivin  [41],  and  induction  of  mdm2  [42] — may  be  superceded  by  other  inflammatory 
mediators  following  sufficient  inflammatory  signaling  when  it  is  lost.  This  hypothesis  may  harbor  significant 
implications  for  future  therapeutics  that  attempt  to  target  the  action  of  FGF2.  Rather  than  solely  targeting  the 
action  of  FGF2  on  mammary  epithelium,  there  will  need  to  be  a  combination  of  therapeutics  that  will  prevent 
bypassing  of  FGF2-induced  angiogenesis. 

There  are  a  variety  of  clinical  studies  that  have  shown  that  low  serum  levels  of  FGF2  correlate  with  a 
more  malignant  phenotype  [13],  larger  tumor  size,  later  disease  stage  [14],  and  worse  overall  and  disease-free 
survival  [13,  14].  In  addition,  many  pre-clinical  studies  have  also  shown  that  overexpression  of  FGF2  inhibits 
growth  [43],  although  the  exact  pathway  has  yet  to  be  elucidated  [44].  In  contrast,  our  study  shows  that  the  loss 
of  one  or  both  copies  of  FGF2  results  in  smaller  tumors.  Further  studies  are  needed  to  reconcile  this 
incongruity. 

The  primary  goal  of  this  study  was  to  analyze  the  contribution  of  FGF2  to  tumor  development  and 
progression  to  malignancy  in  vivo  through  gene  knockout.  Because  FGF2  KO  mice  were  shown  to  have  delayed 
tumor  development  and  growth  compared  to  PyVT  controls  with  endogenous  levels  of  FGF2,  we  suggest  that 
FGF2  promotes  tumor  angiogenesis  and  progression  to  malignancy.  This  experiment  has  validated  the  concept 


that  FGF2  blockade  in  the  context  of  breast  cancer  will  be  a  beneficial  therapeutic  intervention.  The  data 
obtained  here  demonstrate  that  the  Py VT  mammary  tumors  are  sensitive  to  FGF2  signaling  and  would  identify 
the  PyVT  model  as  an  important  preclinical  model  to  evaluate  therapies  aiming  to  remove  FGF2  function.  Our 
results  support  the  conventional  view  that,  presumably  because  of  its  powerful  mitogenic  activity,  FGF2  is  a 
pro-tumorigenic  growth  factor. 
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A  1:  ERA  OF  HOPE  ABSTRACT  (SUBMITTED  JANUARY  2011) 


Although  basic  fibroblast  growth  factor  (FGF2)  was  the  first  pro-angiogenic  molecule  to 
be  discovered,  it  has  numerous  other  activities  on  the  growth  and  differentiation  of  non- 
vascular  cell  types  that  are  both  stimulatory  and  inhibitory,  depending  on  the  cell  type 
evaluated,  the  experimental  design  used  and  the  context  in  which  it  is  tested.  To  this 
end,  we  investigated  the  effects  of  manipulating  endogenous  FGF2  on  the  development 
of  mammary  cancer  to  determine  whether  its  endogenous  contribution  in  vivo  was  pro- 
or  anti-tumorigenic. 

Spontaneous  mammary  tumor  progression  in  the  transgenic  MMTV-PyVT  mouse  model 
(PyVt+/+)  is  a  multi-step  process  that  involves  all  of  the  cell  targets  of  FGF2  and  its 
presumed  roles  in  angiogenesis  and  myoepithelium  differentiation.  Whereas,  the 
myoepithelium  is  a  natural  endogenous  source  of  FGF2  in  mammary  tissue,  we 
hypothesized  that  an  absence  of  FGF2  might  affect  the  onset  and  progression  of 
mammary  tumor  development  in  PyVT+  mice.  To  this  end,  we  examined  the  effects  of 
genetically  eliminating  FGF2  and  FGF2  gene  dosing  in  a  cross  between  PyVT+  mice  and 
FGF2+/'  knockout  mice  that  generate  (1)  PyVT+:FGF2+/+  (FGF2-WT),  (2)  PyVT+:FGF+/' 
(FGF-het)  and  (3)  PyVT+:FGF-/-  (FGF2-KO)  mice.  After  backcrossing  into  common 
compatible  genetic  backgrounds,  mice  were  identified  by  genotyping  and  blinded 
assessments  of  the  onset  and  progression  of  mammary  tumors  was  performed  by 
palpation  and  caliper  measurments.  As  expected,  female  FGF2-WT  mice  developed 
mammary  tumors  starting  around  60  days  after  birth  and  by  80  days,  100%  of  FGF2  WT 
mice  had  mammary  tumors.  These  values  are  similar 
to  those  published  by  other  investigators  for  PyVT- 
induced  tumors  propagated  in  other  genetic 
backgrounds.  In  contrast,  80%  of  FGF2-KO  mice  had 
no  palpable  tumors  until  nearly  three  weeks  later  (85 
days)  when  100%  of  their  WT  cohort  were  positive 
although  all  FGF-KO  mice  were  tumor  bearing  at  115 
days  (P<. 05).  When  the  onset  mammary  tumor 
development  and  progression  curves  were  compared 
between  FGF-het  and  FGF-KO  mice,  there  was  a  small 
but  difference  suggesting  a  gene  dosing  effect.  Initial 
histological  analyses  of  the  tumors  in  each  group 
suggest  that,  once  progression  was  initiated,  there  were 
few  differences  in  tumor  histology. 

The  significant  delay  in  tumor  onset  in  the  FGF2-KO  mice  vs.  FGF2-WT  mice  is 
consistent  with  a  functionally  permissive  role  for  FGF2  in  the  kinetics  of  mammary  tumor 
onset  and,  while  they  argue  against  a  central  role  for  FGF2  in  mammary  cancer 
progression,  they  suggest  that  the  function  of  endogenous  myoepithelial-derived  FGF2 
in  the  mammary  gland  is  growth  stimulatory,  rather  then  differentiation  stimulatory. 
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ABSTRACT 

Although  bauc  fibroblast  growl  Is  (actor  (FGF2)  mi  the  fl rst  pro  angiogenic  molecule  li 
numerous  other  *cti«»cs*i  on  th*  growth  and  diltorevmation  ol  non-vhiuai  c*d  types  th 
and  r-esbuory.  dependng  on  the  cot  type  mAeated,  th*  nprn mental  deign  used  and  the  contort  n 
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mammary  tumor  progression  m  th*  Iranian*  MMTVPyVT  mewl*  modal  fPyVW«>  **  A  mufti- step  process  that 
««****  ad  of  th*  ce*  targets  of  <CII  and  its  presumed  rp**s  m  engiogenesix  and  myoepithelium  d«Arennahcn 
Whereas  th*  myoepithelium  is  a  natural  endogenous  source  of  >GF2  in  mammary  tissue,  aye  hypothesued  that  an 
absence  of  FGF  2  night  affect  the  onset  and  progrestaon  of  mammary  tumor  development  In  PyVT«  mice.  To  I  ho 
end.  we  examined  the  effects  of  ganteicaly  eliminating  >GI2  and  W2  gene  dosmg  m  a  ciovs  between  pyVT»  nut* 
and  (GF7*/-  knocAout  m«e  that  generate  (I)  PyVT.  |«  KGf  2  WTI  <2>  PyVT*:FGf»/-  l»0f-het)  and  |)|  PyVT 
*  (017  |ro»2  KOI  nee*  Alter  backcrotsmg  mto  common  ■-.cimpatible  genetic  backgrounds,  mice  were  identified  by 
genotfpmg  and  Minded  assessments  of  th*  onset  and  progression  of  mammary  tumors  nets  performed  b, 
palpation  and  cal  per  measurements  As  expected,  female  FGF2-WT  rr 
around  (0 days  after  birth  and  by  80  days.  100%  of  >0*2  WT  m 
to  those  putn  shed  by  other  mvesftgators  (or  PyVT  induced  turnon  propagated  in  other  generic  backgitx/xd*  In 
contrast.  SOX  of  FGf  2  «0  mite  had  no  palpable  tumors  until  near**  fh.ee  wee  Si  later  <8S  days)  when  100%  of  the* 
WT  cohort  wvi#  positive  although  a*  (Of  HQ  nuc*  w*i*  tumor  bearing  M  115  days  (P<0Q6>  When  th*  om«l  Of 
mammary  tumor  devmppx-i*  na  and  tumor  progression  curvet  were  tom  oared  bteween  FGFher  and  f0f*O  me*, 
there  was  a  smad  but  also  sign. heart  difference  suggr-sting  a  gene  dosmg  edect  (renal  histological  analyses  of  the 
tumors  suggest  that  there  were  tew  drtterences  in  tumor  histatogy.  The  significant  delay  ei  tumor  onset  in  th* 
FGF2-4D  mrte  vs  FGF2- WT  mice  was  consistent  with  a  functional  role  tor  FGf  2  *1  mammary  tumor  onset  but  argue 
agarnst  a  centra*  rot*  tor  rc> 2  m  mammary  cancer  progression  via  targeted  dderenbatien 

INTRODUCTION 

Breast  tissue  has  been  shown  to  have  extraordinary  plasticity  and  a  (ugh  level  of  interaction  between  bread 
myoepithelial  tab!  (MIC)  and  luminal  bread  epitlseMI  cedi  |MC>  Thu  n* er act-on  n  thought  to  be  important  m  th* 
drveiopnnent  and  function  of  normal  mamenary  gland 1  The  loss  of  inhibitory  processes  ’  *  could  lead  to  positive 
feedback  loops  that  can  allow  for  timor  progression  W*  it  cased  the  effect  of  the  toss  of  fibroblast  growth  factor  2 
(FGf  21.  a  myoepithelial  protem  I  hat  is  ccmendonelly  seen  as  a  pro&ferabon  factor,  rp  determine  whether  it  may 
ejurrr  an  effect  on  tumor  geneses  through  SEC  growth  inhibition  Endogenous  FGF2  controls  a  seres  of  functions  at 
e **  ce*  interlaces  between  MECs  and  BECs  Namefg  FGf  2  is  expressed  by  MECs  and  localities  at  the*  interlace  with 
kvmnal  Bits  to  act  as  a  survnral  and  drterenttatton  factor  m  breast  cancer.  MtCs  at e  lost  along  with  their  secreted 
102  Cllmcaffy.  low  trveks  of  Ki»2  m  breast  cancer  are  associated  wgh  a  poor  prognosis  and  response  to 


thus  be  dnven  by  <hyv**s*«on  of  BEC  that  results  when  TO  2  expression  j 
VIC  MC  interface  Is  lost  Thus  study  cvituates  the  role  of  endogenous  FGf  2  tiprtsxor  on  mammary  t 
development  in  th*  fyvt  trar.igemc  mouse  mammary  tumor  model « 
pedyoma  middle  T  oncogene  Since  FCE2  exerts  competing  effects  on  li 
VCC  BK  interface,  as  well  at  acceleration  due  to  its  engxgemc  effects -th*s  study  wd  attempt  to  eU-date  whrch 
of  th*  effects  of  K5F2  is  predominant  in  tumongtnesis 
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METHODS 


Mice  TM  protest  used  three  drains  of  mite  (l)  mid  type.  (2)  PyMT  me*  OmSoorg  spontaneous  mammary 
tumors,  and  Ol  »6F2  dehewne  mice  Ikermrygous  PyMT  K/*|  males  and  »(*»•/•  temeles  w*»e  crossed  1o  generate 
make  offspring  that  are  heteraiygout  for  FG*2  and  ei  presses  th*  1  range  n*  PyMTfFGf2«/  mates  were  crossed 
with  female  FGF 2-/  me*  to  yuetd  PyhfT/TOf 2  /  .  PyMT/TGf  1./  .  and  PyMT/FGF2»/*  n 


smery  timor  devetoevnent  m  the  absence  of  FGf2. 

>1  char actrr-iru Pen  of  prenary  tumors  at  th*  early  stages  ot  tumor  development  Me 
mammary  fat  pads  (MFP)  wei*  otcannd  following  euthanasia,  perfused  w*h  PBS  and  then  fund  with 
pantor nsaldehyd*  |Pf*|  in  PBS.  pH  7.4  Parafhn  snenom 
more  »tut*  sototlons  of  alcoesoi  todowing  tfeo,  sections  were  meubated  with  Protevsise  K  tVilkport  Cat  •  21B27  run  ■■  -y>  •  '.rKiMr-.-awiva'  -■<  •>"» 

02  rxg/nVI  lor  10  mrutes  These  sections  were  then  blocked  «i  normal  goat  serum  (ABC  Babbit  Kit  PK  40021  tor  1  figure  «  K*2  »  PyVt.  locafUes  to  MECs  whAr  fGfBti 
hour  and  meubatrd  with  ether  ane  FactorVtll  |boca.e|  or  ants  fOF2  usd  anti  >0>»)  f Sigma |  at  concentraeom  of 
I  100.  1  4000  and  1  >000  respecltvefy  ovemght  at  4  I 
secondary  anybody  tor  JO  wxnutes  at  room  tamperatiev 

sections  we<e  treated  with  Asidm  bctin  Complex  (ABC I  kt  IVeclastatm,  Budingame  Ca)  For  sssualiiacxin  the 
sections  were  Incubated  wdh  diammobenjidln*  substrate  (0AB| 


BECs.  Ar  IHC  of  ftaf  2  w  a  normal  mouse  mammary  tot  ped  at  IT  works  of  age  The  imet  rig 
el  C;  IHC  of  FGF2m  a  PyVT.aaouse  mammary  fat  pad.  Theoseto  Cl*  shown  in  0  li  bfC  of  FGF2  ei  a  PyVT«,  FG»2  «0  mouia  mammary  tumor  at  »  weeks  of 
age  th*  asset  in  I  Is  shown  in  f  G:  MC  of  fGffll  m  a  PyVT*.  >0*2  «0  mouse  mammery  tumor  at  10  week*  ol  age  th*  un*t  m  G  Is  shown  ml*  k  INC  of  >0*1  in  a 
Pytftx  mouse  mwwmary  timer  at  22  weeks  o>  age  the  mxet  «s  I  is  shown  **  I  X  »K  of  >0*1  in  a  PyV7».  >02  HO  mouse  mammary  tumor  at  l*  weeks  ol  age  the 
*n*r  in  k  Is  shown  as  L  MEC,  myoepdhehj!  celh  BEC  henuial  treail  rprhetel  e*Pi  By  teood  vessel  AT,  edipena  lltua  CO,  codecong  ducts.  JcaAc  bars  100  urn  (A,  C 
LG.  I.  *)  y) pm  iB.  0, E,  M. 
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Fgure  2  Ductal  morphetogr  in  PyVt  It  comparaMe  to  PyVt*,  A  Massons  tnchrom*  fgx*e  J.  loss  of  FGF2  results  in  decirased  umsor  vwcsrlariaaeiew.  A :  MC  of  VW»  n  a 

itairxrg  of  mammory  gland  from  normal  mouse  at  10  xvrit  of  age  the  imet  In  A  n  shown  normal  lacunrg  mouse  memmory  lot  pod  at  17  wee**  of  age  the  m*e«  «*  A  it  shown  in  B 

*i  B  C  Masson  1  T rerrorn*  staewg  of  mammary  gland  prepared  from  a  normal  locuevg  C:  IHC  of  VWf  n  an  IG»2  knoteouC  mesa*  mammary  Itt  pad  at  IB  weeks  of  age  the  ■nsrt 
mouse  at  26  weeks  o>  age  th*  met  m  C  is  shewn  in  0  CD.  CMiCTPg  mb  ducts  E  «(«  shown  «  0  (:  IHC  of  VWf  vt  a  hyVtx  i  turns*  mw-mary  tot  cod  at  22  vmi  of  age 

Masson's  tnchrom*  slanng  <j»  mammary  gland  horn  PyVt*  mouse  at  27  weeks  «f  age  the  W  Mnet  ei  E  «  shown  Mi  >  G:  IX  o»  VWF  es  a  PyVt-.  FGF  knockout  mouse  mammary  tot 

mxak  ei  E  n  shown  in  f  6:  rs&E  scamrg  ot  mammary  gland  from  *yVT.,  FGF  HO  mouse  at  14  pad  at  1 4  weexi  of  age  Tho  Inset  mi  G  *  dtown  ei  H  Amows  poe*  to  positively  i tamed 

weeks  of  age  The  inset  es  G  is  shown  «  **  CD  to*ecttrg  matt  ducts  MEC.  -noepmrlui  endothekal  c*«s  MEC.  imoeptfwkal  c«4s  BEC  lomrsa#  breast  epitheUai  ceth  AT.  adipcn* 

ceOv  BtC.  MnMial  braau  eprthetial  catH  At.  adipose  tissue  Scale  bars  JDO  pm  (C  (  Gl:  100  ns  sue  Vow  ban  100  urn  (A  C  t.  G|.  *00  «m  IB.  0.  F.  M>  Orgirsal  magndkaoorsv  MOO  (A 

g#-«  (A  A «.  ML  50  pm  i*i  Ongnal  magufScabons  A200  (C  L  Gk  *400 1 A  0, 1.  H>  XkOO .  «i  HI 


CONCLUSIONS 


The  primary  goal  of  this  shady  was  to  anafyt*  (he  coftltibueion  of  FGF2  to  tumor  development  and  pragrexsaces  Voce  K»f  2  /  rrnce  w 
dnelopmenl  and  growth  compared  to  PyMT  corgroAs  with  endogenous  levels  of  f<*>2,  we  showed  ttsat  10*7  promotes  tumor  angog»*wsn 
expenment  has  vaAdated  th*  dn  that  removing  FGF 2  m  the  context  of  breast  cancer  will  be  a  beneficial  therapeutic  nrerventson  Th*  data . 

P«VT  mammary  tumors  are  sensithre  to  FGF2  xgnakng  and  woJd  identity  the  PyMT  model  as  an  MPgortarst  prectinicaf  model  to  evkAaite  therapies  armmg  to  remove  FGF2 
function  From  the  data  presented,  It  is  evident  that  no  dysmhibibon  from  fGf  7  may  be  observed  and  tumor  growth  stows  wdh  >G»2  losa.  This  confcrme  th*  ccwventMMiaf  view 
that  because  of  Its  powerfU  ongsogeoc  actrvttyt  FGf  2  >s  a  pvo-tumorigemc  growth  factor 
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ABSTRACT 


Although  basic  fibroblast  growth  factor  (FGF2)  was  the  first  pro-angiogenic  molecule  discovered,  it  has 
numerous  activities  on  the  growth  and  differentiation  of  non-vascular  cell  types.  FGF2  is  both 
stimulatory  and  inhibitory,  depending  on  the  cell  type  evaluated,  the  experimental  design  used  and  the 
context  in  which  it  is  tested.  Flere  we  investigated  the  effects  of  manipulating  endogenous  FGF2  on  the 
development  of  mammary  cancer  to  determine  whether  its  endogenous  contribution  in  vivo  was  pro-  or 
anti-tumorigenic.  Specifically,  we  examined  the  effects  of  FGF2  gene  dosing  in  a  cross  between  a 
spontaneous  breast  tumor  model  (PyVT+  mice)  and  FGF2'/_  (FGF  KO)  mice.  Using  these  mice,  the  onset 
and  progression  of  mammary  tumors  was  determined.  As  predicted,  female  FGF2  WT  mice  developed 
mammary  tumors  starting  around  60  days  after  birth  and  by  80  days,  100%  of  FGF2  WT  female  mice  had 
mammary  tumors.  In  contrast,  80%  of  FGF2  KO  female  mice  had  no  palpable  tumors  until  nearly  three 
weeks  later  (85  days)  at  times  when  100%  of  the  WT  cohort  was  tumor  positive.  All  FGF  KO  mice  were 
tumor-bearing  by  115  days.  When  we  compared  the  onset  of  mammary  tumor  development  and  the 
tumor  progression  curves  between  FGF  het  and  FGF  KO  mice,  we  observed  a  difference,  which 
suggested  a  gene  dosing  effect.  Analysis  of  the  tumors  demonstrated  that  there  were  significant 
differences  in  tumor  size  depending  on  FGF2  status.  The  delay  in  tumor  onset  supports  a  functional  role 
for  FGF2  in  mammary  tumor  progression,  but  argue  against  an  essential  role  for  FGF2  in  overall 
mammary  tumor  progression. 


INTRODUCTION 


The  prevalence  of  breast  cancer  remains  a  significant  clinical  problem,  where  xenograft  models  using 
established  tumor  cell  lines  have  limitations  for  the  study  of  mechanisms  regulating  tumor  onset  [1].  In 
contrast,  transgenic  models  such  as  the  polyomavirus  middle-T  oncogene  (PyVT)  mouse  model  driven  by 
the  mouse  mammary  tumor  virus  (MMTV)  promoter,  have  been  shown  to  be  a  reliable  and  comparable 
mouse  model  of  breast  tumor  onset  and  progression  [2-4].  The  steps  of  spontaneous  mouse  mammary 
tumor  progression  in  this  model  parallel  the  histological  progression  in  human  breast  cancer  [3,  5-7]. 

Breast  and  mammary  tissues  have  been  shown  to  have  extraordinary  plasticity  during  adult  life  and  are 
thought  to  depend,  at  least  in  part  on  inhibitory  interactions  between  mammary  myoepithelial  cells 
(MECs)  and  luminal  breast  epithelial  cells  (BECs)  [8].  Indeed,  these  same  interactions  are  thought  to  be 
important  in  normal  development  and  function  of  the  mammary  gland  [8,  9].  Several  years  ago, 
investigators  proposed  that  a  loss  of  inhibitory  processes  [2,  10]  might  disinhibit  positive  feedback  loops 
thereby  allowing  for  tumor  progression  [11].  One  candidate  is  FGF2,  which  controls  epithelial  function  at 
the  MEC  and  BEC  interface  and  acts  as  a  survival  and  differentiation  factor[12].  While  low  levels  of  FGF2 
in  breast  cancer  are  associated  with  a  poor  prognosis  and  response  to  treatment[13,  14]  there  is 
evidence  that  FGF2  overexpression  results  in  enhanced  tumor  growth  due  to  increased 
angiogenesis[15].  This  discrepancy  may  highlight  that  FGF2  signaling  can  potentially  have  a  dual  role  of 
suppressing  and  promoting  tumor  growth. 

We  investigated  the  possibility  that  breast  cancer  progression  may  be  driven  in  part  by  a  disinhibition  of 
BEC  that  results  when  FGF2  expression  at  the  MEC-BEC  interface  is  lost.  The  progression  of  spontaneous 
mammary  tumors  in  the  transgenic  MMTV-PyVT  mouse  model  (PyVT+/+)  is  a  multi-step  process[2]  that 
involves  many  of  the  cell  targets  of  FGF2[5,  16-18].  Because  the  myoepithelium  is  a  natural  endogenous 
source  of  FGF2  in  mammary  tissue[12],  we  hypothesized  that  an  absence  of  FGF2  might  affect  the  onset 
and  progression  of  mammary  tumor  development  in  PyVT+  mice.  In  the  event  that  endogenous  FGF2 
might  exert  competing  effects  on  tumor  progression— through  inhibition  of  epithelial  cells  at  the  MEC- 
BEC  interface,  or  alternatively  due  to  its  angiogenic  effects,  we  evaluated  its  activity  in  a  model  of 
spontaneous  tumor  development. 


MATERIALS  AND  METHODS 


Mice:  All  animal  studies  were  conducted  with  the  approval  of,  and  under  the  oversight  of  the 
Institutional  Animal  Care  and  Use  Committee  of  the  University  of  California,  San  Diego.  We  bred  FGF‘/_ 
SV129/Black  Swiss  female  mice  with  transgenic  hemizygous  MMTV-PyVT  FVB  male  mice  (PyVT+)  to  yield 
FGF2'7';  PyVT+  (FGF2  KO),  FGF+/;PyVT+  (FGF2  het),  and  FGF2+/+;  PyVT+  (WT).  Tissue  expression  studies 
were  conducted  using  tissue  harvested  from  mice  that  were  collected  after  cervical  dislocation. 
Genotypes  were  identified  from  tail  DNA  by  PCR  using  PCR  primers  specific  for  PyVT  and  FGF2. 

Tumor  measurements:  Cohorts  of  female  WT,  FGF2  het,  and  FGF2  KO  mice  were  followed  to  evaluate 
mammary  tumor  onset,  incidence,  growth  and  progression.  After  weaning,  body  weights  of  the  mice 
were  recorded  weekly  and  the  presence  of  palpable  lesions  in  the  mammary  glands  was  determined. 
Following  excessive  weight  loss  or  the  presence  of  tumors  in  excess  of  15  mm  in  width  or  length  from 
caliper  measurements,  the  mice  were  killed.  Tumor  volumes  at  various  time  points  and  tumor  weights 
at  necropsy  were  compared  between  the  three  groups  using  a  Wilcoxon-Rank  test. 

Antibodies:  To  demonstrate  FGF2  immunoreactivity,  a  polyclonal  antibody  was  raised  in  rabbits  by 
immunization  against  peptides  1-24  of  bovine  FGF2.  This  antibody  has  high  affinity  for  extracellular  FGF2 
and  cross-reactivity  with  FGF2  from  several  species,  as  described  previously[19,  20].  Antibodies  for 
Factor  VIII  and  FGFR1  were  obtained  from  BioCare  Inc.  (Concord,  CA,  USA)  and  Sigma  Aldrich  (St.  Louis, 
MO,  USA),  respectively. 

Immunohistochemistry:  Mouse  mammary  fat  pads  (MFP)  were  obtained  following  euthanasia  of 
animals,  perfusion  with  PBS  and  fixation  with  4%  paraformaldehyde  (PFA)  in  phosphate-buffered  saline 
(PBS),  pH  7.4.  Formalin  fixed  lung  specimens  were  stored  in  paraffin  by  UCSD  Histology  Core  Services.  At 
the  time  of  immunohistological  staining,  paraffin  sections  were  first  deparaffinized  in  xylene  and  in 
progressively  more  dilute  aqueous  solutions  of  ethanol.  Sections  were  then  incubated  with  Proteinase  K 
(Millipore  Cat  #21627  0.2  mg/ml)  for  10  minutes  at  room  temperature.  Sections  were  blocked  with 
normal  goat  serum  (ABC  Rabbit  Kit  PK-4002)  in  PBS  for  1  hour  and  incubated  with  primary  antibody  for 
Factor  VIII  (Biocare  Inc.,  Concord,  CA,  USA)  antibody  or  FGF2  and  FGFR1  (Sigma-Aldrich,  St.  Louis,  MO, 
USA)  at  concentrations  of  1:100,  1:4000,  and  1:2000  overnight  at  4°C  in  1%  bovine  serum  albumin  in 
PBS.  Sections  were  washed  and  incubated  with  biotin-conjugated  secondary  antibody  (ABC  Rabbit  Kit 
PK-4002)  for  30  minutes  at  room  temperature.  Sections  were  washed  again  and  incubated  in  0.3%  H202 
to  quench  endogenous  peroxidase  activity  for  20  minutes  before  the  sections  were  treated  with  an 


Avidin  Biotin  Complex  (ABC)  (Vectastatin,  Burlingame,  CA)  for  amplification  of  signal.  Sections  were 
incubated  with  diaminobenzidine  substrate  for  15  minutes  and  after  washing,  were  counterstained  with 
hematoxylin  and  dehydrated.  The  coverslips  were  mounted  with  Vectamount  Mounting  Solution  and 
imaged  with  an  Olympus  FXS100-BSW  microscope. 

Quantification  of  Vessel  Density:  In  order  to  quantitatively  determine  the  effect  of  FGF  knockout  on 
blood  vessel  density,  3  representative  fields  each  measuring  about  1500  pm  by  1000  pm  on  slides 
stained  during  the  same  experiment  were  analyzed.  Blood  vessels,  as  highlighted  by  IHC  for  Factor  VIII, 
and  confirmed  by  their  morphology,  were  counted  in  samples  from  normal  mice,  mice  lacking  one,  and 
mice  lacking  both  copies  of  FGF2.  Average  vessel  counts  from  the  three  groups  (each  n=3)  were  then 
compared.  Error  bars  represent  the  standard  error  of  the  mean  (SEM). 


RESULTS 


Delayed  progression  of  tumorigenesis  and  decreased  tumor  size  in  FGF2  knockout  and  heterozygous 
mice.  The  development  of  tumors  in  normal  mice  (WT)  and  mice  lacking  one  (FGF2  het)  or  both  copies 
of  FGF2  (FGF2  KO)  (Figure  1A,  B)  was  marked  by  significant  differences  in  kinetics.  Data  collected  during 
mammary  development  showed  that  FGF  KO  mice  had  delayed  onset  of  tumorigenesis.  WT  mice  began 
to  have  palpable  tumors  by  day  65,  and  by  day  80  all  mice  in  the  cohort  had  tumors.  In  contrast,  while 
some  FGF2  KO  mice  began  to  have  palpable  tumors  around  the  same  time  frame,  most  FGF2-KO  mice 
showed  a  significantly  delayed  progression  of  tumorigenesis,  with  some  palpable  tumors  only  appearing 
around  day  110.  Similarly,  FGF2  het  mice  showed  an  intermediate  phenotype  and  the  onset  of 
tumorigenesis  was  earlier  than  was  seen  in  FGF2  KO  mice,  but  later  than  was  seen  in  WT.  This  was 
important  to  note  because  it  provided  evidence  of  a  gene  dosing  effect  and  a  decreased  expression, 
rather  than  only  a  complete  knockout  affecting  tumor  growth.  Mammary  tumors  (Figure  1C)  in  FGF2  KO 
mice  were  also  significantly  smaller  (P<0.05)  than  those  in  WT  mice  (8  grams  in  WT  mice  vs.  2  grams  in, 
FGF2  KO  mice).  The  significant  difference  in  tumor  burden  indicated  that  FGF2  KO  mouse  tumor  cells 
grew  more  slowly  and/or  die  at  a  higher  rate  than  those  in  WT  mice  tumors  and  was  consistent  with  the 
data  presented  earlier  indicating  delayed  onset  tumorigenesis. 

Ductal  morphology  of  normal  mice  mammary  gland  is  comparable  to  that  observed  in  PyVT+  mice.  To 

further  characterize  mammary  tumor  development  in  the  absence  of  FGF2,  we  performed  histological 
characterization  of  primary  tumors  and  of  mammary  fat  pads  at  various  stages  in  development. 
Masson's  Trichrome  (MT)  staining  of  mammary  gland  highlighted  ductal  morphology  in  normal  mouse  at 
10  (Figure  2A,B)  and  26  (Figure  2C,D)  weeks  of  age.  MT  staining  in  defined  ductal  structures  showed  a 
clear  delineation  of  myoepithelial  (MECs)  and  basal  epithelial  cells  (BECs)  separated  by  basement 
membrane.  Similar  ductal  structures  (Figure  2E-H)  were  seen  in  tumor-bearing  WT  mice  in  regions 
surrounding  the  tumor  mass  (Figure  2E)  as  well  as  in  areas  of  interspersed  tumor  foci  (Figure  2G).  Thus, 
the  introduction  of  the  PyVT  oncogene  did  not  change  the  gross  development  of  normal  epithelial 
structures  in  young  mice  but  rather,  served  to  promote  the  remodeling  and  progression  to 
tumorigenesis  of  MECs  and  BECs. 

Loss  of  FGF2  results  in  decreased  MFP  vascularization  in  both  normal  and  PyVT+  mice. 

Immunohistochemistry  staining  for  Factor  VIII  highlighted  the  tumor  vasculature  and  enabled 
quantification  of  tumor  angiogenesis  (Figure  3).  Normal  mice  (Figure  3A,B)  demonstrated  greater 
vascular  density  compared  to  FGF2  KO  mice  (Figure  3C,D;  arrows)  at  17-19  weeks  of  development. 


Similarly,  tumor-bearing  WT  mice  (Figure  3E,F;  arrows)  also  showed  greater  vascular  density  as 
compared  to  FGF2  KO  (Figure  3G,H;  arrows).  Furthermore,  blood  vessel  density  was  significantly  lower 
(Figure  31)  in  FGF  KO  mice  mammary  tumors  when  compared  to  FGF-WT,  demonstrating  a  role  for  FGF2 
in  mammary  tumor  angiogenesis. 

FGF2  in  mammary  tissue  of  normal,  WT,  and  FGF2-KO  mice.  To  characterize  the  role  of  FGF2  in  normal 
and  tumor-bearing  mammary  tissue,  immunohistochemical  staining  was  performed  to  determine  the 
presence  and  localization  of  FGF2  in  breast  tumor  ductal  epithelium.  Diffuse  staining  for  FGF2  was 
present  throughout  the  myo-  and  basal  ductal  epithelium  of  normal  (non-PyVT+)  (Figure  4A,B)  and 
transgenic  PyVT  mammary  tumors  (Figure  4C,D)  but  absent  in  FGF2  KO  (Figure  4E,F)  mice.  The  similar 
staining  pattern  seen  in  normal  and  transgenic  PyVT  tumors  indicated  that  the  introduction  of  the  PyVT 
oncogene  had  a  limited  effect  on  the  expression  and  localization  of  endogenous  FGF2.  In  FGF  KO 
tumors,  the  diffuse  staining  pattern  described  earlier  was  absent,  confirming  loss  of  FGF2 
immunoreactivity  in  the  knockout. 

FGF  receptor  type  1  (FGFR1)  in  mammary  tissue  of  normal,  WT,  and  FGF2-KO  mice.  The  distribution  of 
FGFR1  was  localized  to  specific  ductal  morphological  structures  and  demonstrated  that  there  exists  a 
potential  pathway  for  FGF2  activity  in  mammary  tissue.  Immunohistochemistry  staining  confirmed  the 
presence  of  FGFR1  immunoreactivity  in  both  MECs  and  BECs  in  normal  (Figure  5A,B),  PyVT+  and  FGF  KO 
(Figure  5E,F)  mice.  The  similar  staining  patterns  seen  in  the  three  treatment  groups  show  that  FGFR1 
expression  is  not  significantly  influenced  by  the  presence  of  the  PyVT  oncogene  or  the  absence  of  FGF2. 


DISCUSSION 


In  this  study,  we  assessed  whether  FGF2  inhibits  the  onset,  growth  and  progression  of  mammary  tumors 
or  acts  as  a  pro-angiogenic  factor  that  accelerates  tumorigenesis.  Specifically,  we  characterized  the 
expression  of  FGF2  and  FGFR1  in  the  normal  and  transgenic  mouse  mammary  glands,  and  assessed 
tumor  development  and  progression  in  FGF2  KO  and  identified  the  differences  in  mammary  gland 
morphology  and  tumor  vascularization.  FGF2  and  FGFR1  in  normal  and  PyVT-positive  mice  localized  to 
the  myo-  and  basal  epithelium.  The  data  demonstrate  that  the  loss  of  FGF2  resulted  in  decreased 
angiogenesis  and  a  delay  in  tumor  onset.  In  FGF2  KO  mice  mammary  tumors,  blood  vessel  density  was 
markedly  reduced  with  the  loss  of  FGF2  resulting  in  delayed  tumor  growth  as  well  as  tumors  that  were 
significantly  smaller.  Importantly,  mice  that  were  heterozygous  for  FGF2  showed  an  intermediate 
phenotype  in  tumor  onset  and  growth.  This  evidence  of  a  gene  dosing  effect  implies  that  the  action  of 
FGF2  depends  on  its  level  of  expression  rather  than  an  "all-or-none"  model  of  signal  transduction. 
Despite  the  delay,  all  of  the  mice  in  the  cohort  eventually  developed  tumors,  suggesting  that  FGF2  plays 
at  most  an  ancillary  role  in  tumorigenesis.  The  results  are  consistent  with  the  hypothesis  that  FGF2 
contributes  to  tumor  development  and  the  progression  to  malignancy. 

Previous  studies  implicated  FGF2  as  a  pleiotropic  [21]  but  locally  acting  cytokine  that  has  distinct 
juxtacrine  roles  at  the  interface  been  various  cell  types  [15,  22-24],  One  of  the  many  established 
functional  roles  of  endogenous  FGF2  is  angiogenesis  [25],  but  it  is  always  exogenous  FGF2  that  has  been 
shown  to  stimulate  endothelial  proliferation  and  tube  formation  in  in  vitro  and  in  vivo  models  [26,  27], 
The  role  of  FGF2  in  cancer  angiogenesis  has  been  assumed  based  on  its  production  by  most  cancer  cell 
lines  [28,  29].  However,  it  is  important  to  note  that  when  breast  cancer  cell  lines  are  evaluated  in  vitro 
or  in  xenograft  models  to  investigate  tumor-stroma  interactions,  the  results  are  often  not  applicable  to 
in  vivo  tumorigenesis  due  to  differences  in  the  composition  of  the  local  extracellular  matrix[30-33]  and 
the  absence  of  various  tissue  specific  stromal  interactions[34-36].  Furthermore,  tumor  cells  lines  are 
derived  from  cells  at  very  late  stages  of  tumor  progression  and  selected  for  growth  in  cell  culture  over 
many  passages  [37].  At  the  same  time,  naturally  occurring  tumors  are  rare  and  unpredictable.  In  order 
to  overcome  these  difficulties,  we  used  the  MMTV-PyVT  mouse  model.  This  model  has  a  high  frequency 
of  tumor  development  [5],  where  the  PyVT  is  under  control  of  the  mouse  mammary  tumor  virus  long 
terminal  repeat  promoter  (MMTV-LTR)  [6].  This  model  has  been  shown  to  be  an  accurate  representation 


of  the  development  of  human  breast  cancer  [3,  4],  The  studies  described  here  provide  the  in  vivo 
demonstration  that  loss  of  FGF2  confers  a  less  malignant  phenotype  due  to  reduced  vascularization. 

Furthermore,  FGF2  and  its  receptors  have  been  shown  to  be  highly  expressed  in  many  breast 
cancers[38]  and  has  been  shown  to  have  direct  mitogenic  effects  in  the  mammary  epithelium  as  well  as 
activation  of  migration  [17].  Studies  have  demonstrated  a  close  interaction  between  hypoxia  and 
heparin  sulfate  proteoglycans  that  modulate  the  levels  of  FGF2  signaling  [39].  However,  previous  studies 
described  FGF2  as  an  upstream  mediator  of  angiogenesis[40]  that  effects  further  inflammatory 
responses  that  are  necessary  to  complete  the  process  of  neo-vascularization  [18].  In  light  of  these  data 
as  well  as  the  findings  presented  here,  we  propose  that  the  action  of  FGF2— while  important  in  initiating 
angiogenesis  in  response  to  hypoxia-induced  stress  common  in  the  tumor  microenvironment  as  well  as 
direct  mitogenic  effects  through  inhibition  of  p53,  upregulation  of  survivin  [41],  and  induction  of  mdm2 
[42]— may  be  superceded  by  other  inflammatory  mediators  following  sufficient  inflammatory  signaling 
when  it  is  lost.  This  hypothesis  may  harbor  significant  implications  for  future  therapeutics  that  attempt 
to  target  the  action  of  FGF2.  Rather  than  solely  targeting  the  action  of  FGF2  on  mammary  epithelium, 
there  will  need  to  be  a  combination  of  therapeutics  that  will  prevent  bypassing  of  FGF2-induced 
angiogenesis. 

There  are  a  variety  of  clinical  studies  that  have  shown  that  low  serum  levels  of  FGF2  correlate  with  a 
more  malignant  phenotype  [13],  larger  tumor  size,  later  disease  stage  [14],  and  worse  overall  and 
disease-free  survival  [13,  14],  In  addition,  many  pre-clinical  studies  have  also  shown  that  overexpression 
of  FGF2  inhibits  growth  [43],  although  the  exact  pathway  has  yet  to  be  elucidated  [44],  In  contrast,  our 
study  shows  that  the  loss  of  one  or  both  copies  of  FGF2  results  in  smaller  tumors.  Further  studies  are 
needed  to  reconcile  this  incongruity. 

The  primary  goal  of  this  study  was  to  analyze  the  contribution  of  FGF2  to  tumor  development  and 
progression  to  malignancy  in  vivo  through  gene  knockout.  Because  FGF2  KO  mice  were  shown  to  have 
delayed  tumor  development  and  growth  compared  to  PyVT  controls  with  endogenous  levels  of  FGF2, 
we  suggest  that  FGF2  promotes  tumor  angiogenesis  and  progression  to  malignancy.  This  experiment  has 
validated  the  concept  that  FGF2  blockade  in  the  context  of  breast  cancer  can  be  a  beneficial  therapeutic 
intervention.  The  data  obtained  here  demonstrate  that  the  PyVT  mammary  tumors  are  sensitive  to  the 
absence  of  FGF2  and  identify  the  PyVT  model  as  an  important  preclinical  model  to  evaluate  therapies 
aiming  to  remove  FGF2  function.  Our  results  support  the  conventional  view  that,  presumably  because  of 
its  powerful  mitogenic  activity,  FGF2  is  a  pro-tumorigenic  growth  factor. 


LEGENDS 


Figure  1.  Delayed  progression  of  tumorigenesis  and  decreased  tumor  size  in  knockout  and 
heterozygous  mice  for  FGF2  as  compared  to  normal  mice.  A:  Tumor  onset  of  tumor-bearing  PyVT+ 
FGF2  KO  and  WT  mice.  (P<0.05)  B:  Tumor  onset  of  tumor-bearing  PyVT+  FGF2  het  vs.  WT  mice.  (P<0.05) 
C:  Mammary  tumor  wet  weight  in  tumor  bearing  WT  and  FGF2  KO  mice  upon  harvest  at  110-125  days 
(P<0.05). 

Figure  2.  Ductal  morphology  in  normal  (PyVT-)  mammary  gland  is  comparable  to  those  in  PyVT+  mice. 

A:  Masson's  Trichrome  staining  of  mammary  gland  from  normal  PyVT-  mouse  at  10  weeks  of  age,  with 
collecting  ducts  (CD)  and  adipose  tissue  (AT)  indicated.  B:  High  magnification  of  inset  from  panel  A  with 
myoepithelial  cells  (MEC)  and  luminal  breast  epithelial  cells  (BEC)  indicated.  C:  Masson's  Trichrome 
staining  of  mammary  gland  prepared  from  a  normal  lactating  mouse  at  26  weeks  of  age.  D.  High 
magnification  of  inset  from  panel  C.  E:  Masson's  Trichrome  staining  of  mammary  gland  from  PyVT+ 
mouse  at  22  weeks  of  age.  F.  High  magnification  of  inset  from  panel  E.  G:  H&E  staining  of  mammary 
gland  from  FGF2  KO  mouse  at  14  weeks  of  age.  H.  High  magnification  of  inset  from  panel  G.  Scale  bars: 
200  pm  (C,  E,  G);  100  pm  (A,  D,  F,  H);  50  pm  (B). 

Figure  3.  Loss  of  FGF2  results  in  decreased  tumor  vascularization.  A:  Immunolocalization  of  Factor  VIII 
(arrows)  in  a  normal  mouse  mammary  fat  pad  at  17  weeks  of  age.  B.  High  magnification  of  inset  from 
panel  A.  C:  Immunolocalization  of  Factor  VIII  in  an  FGF2  KO  mouse  mammary  fat  pad  at  19  weeks  of 
age.  D.  High  magnification  of  panel  C.  E:  Immunolocalization  of  Factor  VIII  in  a  WT  mouse  mammary  fat 
pad  at  22  weeks  of  age.  F.  High  magnification  of  inset  in  panel  E.  G:  Immunolocalization  of  Factor  VIII  in 
a  FGF2  KO  mouse  mammary  fat  pad  at  14  weeks  of  age.  H.  High  magnification  of  inset  in  panel  G.  MEC, 
myoepithelial  cells.  BEC,  luminal  breast  epithelial  cells.  AT,  adipose  tissue.  Scale  bars  :  100  pm  (A,  C,  E, 
G);  500  pm  (B,  D,  F,  FI).  I:  Quantification  of  blood  vessel  density  decrease  in  tumor  bearing  FGF2  KO 
(n=3),  FGF2  het  (n=3)  and  WT  (n=4)  mice.  The  decrease  in  vascularization  between  WT  and  FGF2  KO  was 
statistically  significant  (P<0.05). 

Figure  4.  FGF2  present  in  normal  (non-PyVT)  and  WT  while  absent  in  FGF2  KO  mice.  A: 

Immunolocalization  of  FGF2  in  a  normal  mouse  mammary  fat  pad  at  17  weeks  of  age.  B:  High 
magnification  of  panel  A.  C:  Immunolocalization  of  FGF2  in  a  WT  mouse  mammary  fat  pad.  D:  High 
magnification  of  inset  in  panel  C.  E:  Immunolocalization  of  FGF2  in  FGF2  KO  mouse  mammary  tumor  at 


19  weeks  of  age.  F.  High  magnification  of  inset  in  panel  E.  MEC,  myoepithelial  cells.  BEC,  luminal  breast 
epithelial  cells.  BV,  blood  vessel.  AT,  adipose  tissue.  CD,  collecting  ducts.  Scale  bars:  100  pm  (A,  C,  E);  50 
pm  (B,  D,  F). 

Figure  5.  FGF  receptor  type  1  (FGFR1)  present  throughout  MFPs  in  WT,  and  FGF2-KO  mice.  A: 

Immunolocalization  of  FGFR1  in  a  normal  (non-PyVT)  mouse  mammary  tissue  at  10  weeks  of  age.  B: 
High  magnification  of  inset  from  panel  A.  C:  Immunolocalization  of  FGFR1  in  a  WT  mouse  mammary 
tumor  at  22  weeks  of  age.  D:  High  magnification  of  inset  from  panel  C.  E:  Immunolocalization  of  FGFR1 
in  a  FGF2-KO  mouse  mammary  tumor  at  14  weeks  of  age.  F:  High  magnification  of  inset  from  panel  D. 
MEC,  myoepithelial  cells.  BEC,  luminal  breast  epithelial  cells.  BV,  blood  vessel.  AT,  adipose  tissue.  CD, 
collecting  ducts.  Scale  bars:  100  pm  (A,  C,  E);  50  pm  (B,  D,  F). 
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8.  Supporting  Data 

Figure  SI:  FGF2  immunohistochemical  staining  to  determine  the  presence  and  localization  in  mammary  tumor  ductal 

epithelium.  To  characterize  the  role  of  FGF2  in  normal  and  tumor-bearing 
mammary  tissue,  immunohistochemical  staining  was  performed  to  determine  the 
presence  and  localization  of  FGF2  in  breast  tumor  ductal  epithelium  (also 
summarized  in  appendix).  Diffuse  staining  for  FGF2  was  present  throughout  the 
myo-  and  basal  ductal  epithelium  of  normal  (non-PyVT+)  (Figure  4A,B)  and 
transgenic  PyVT  mammary  tumors  (Figure  4C,D)  but  absent  in  FGF2  KO  (Figure 
4E,F)  mice.  The  similar  staining  pattern  seen  in  normal  and  transgenic  PyVT 
tumors  indicated  that  the  introduction  of  the  PyVT  oncogene  had  a  limited  effect 
on  the  expression  and  localization  of  endogenous  FGF2.  In  FGF  KO  tumors,  the 
diffuse  staining  pattern  described  earlier  was  absent,  confirming  loss  of  FGF2 
immunoreactivity  in  the  knockout. 


